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Introduction
Copper and copper based alloys are widely used in numerous applications that require good mechanical properties along with good electrical conductivity. Age-hardenable copper-titanium alloys, containing approximately 1-5 wt% Ti, are capable of being a proper substitute for well-known Cu alloys, such as Cu-Be alloys. Formation of ordered metastable β′(Cu 4 Ti) precipitates in Cu-Ti alloys during ageing increases their mechanical and electrical properties [1] [2] [3] . The mechanism of precipitation hardening in Cu-Ti binary alloys is a matter of much debate. It has been reported [4] that Cu-Ti alloys with Ti content less than 1 wt% decompose by nucleation and growth mechanism, while Cu-(2.5-5) wt% Ti exhibits spinodal decomposition during ageing [5] .
Nagarjuna et al. [3] reported that Cu-Ti alloys having less than 1 wt% Ti are not suitable candidates for age hardening, since the amount of precipitated phase (Cu 4 Ti) achievable by this amount of titanium during aging is very low and approaches zero in Cu-0.45 wt%Ti alloy. On the other hand, it has been reported [6] that by increasing Ti content, the electrical conductivity of copper matrix decreases dramatically, as the negative effect of Ti on electrical properties of copper alloys is more than that of the other common alloying elements such as Zn, Sn, and Ni. Therefore, in order to overcome this problem, some efforts have been made for modifying the precipitation behavior of Cu-Ti alloys via addition of other elements such as Co and Cr [7, 8] or by aging in D 2 and H 2 atmospheres [1, 9] .
Among common reinforcing phases for copper matrix, addition of TiB 2 particles is well known for improving stiffness, hardness and mechanical strength of copper alloys. Moreover, the harmful effect of the dispersed TiB 2 particles on electrical conductivity of copper is much less than that of other ceramic reinforced particles [10] [11] [12] [13] [14] . Although there are some reports about the effect of TiB 2 particles on copper matrix strengthening via various methods such as powder metallurgy [11] , melt mixing [12] and mechanical alloying [13] , no reports have been published as yet about the effects of in situ formation of TiB 2 particles on age hardening behavior of Cu-Ti alloys. Therefore, the purpose of this investigation was a comparative study for the age hardening behavior, mechanical and electrical properties of Cu-1 wt% Ti-1 wt% TiB 2 composite and Cu-2 wt% Ti binary alloy. 
Experimental method
In the present study, Cu-1 wt% Ti-1 wt% TiB 2 in situ composite was prepared by melting together an appropriate amount of high purity copper (i.e. purity 99.99%) and 1.73 wt% titanium plate (i.e. purity 99.99%) in a vacuum induction melting (VIM) furnace. When the temperature of the melt reached 1200 1C and the vacuum became 3.5 Â 10 −2 mbar, 0.32 wt% boron powder encapsulated in a copper tube was charged into the melt. Then the melt was kept at 1200 1C for 15 min, allowing the melt to react completely with the boron powder. The melt was then cast into a low carbon steel mold fixed with a copper heat sink at its bottom. The quantitative chemical analysis of the ingot was conducted using inductively coupled plasma atomic emission spectroscopy (ICP-AES). The result of this analysis showed that the mean residual titanium content in the ingot was 0.94.%. Later the as-cast samples were rolled down to 60% of their thickness at room temperature. The rolled samples were homogenized for 20 h at 900 1C in an oxygen free molten salt bath that contained equal wt% of NaCl and CaCO 3 in order to avoid further oxidation and volatilization of the components. These samples were cooled to ambient temperature in air. The homogenized samples were subjected to solution treatment at 900 1C in the molten salt bath for 1 h and quenched in water in order to achieve a supersaturated solid solution. The quenched samples were aged in a temperature range of 300-550 1C for a period of 1-25 h and then quenched again in water. Micro-harnesses of the samples were measured according to ASTM E384-99 standard with 50 g load. The flat type sub-size samples with dimensions of 25 mm gage length, 6 mm width and 1 mm thickness were made from cut strips of the samples according to ASTM E-8 standard. Tensile tests with cross head speed of 2 mm min −1 were conducted at room temperature. The electrical conductivity in % IACS (International Annealed Copper Standard) of samples was measured using a four-point probe method at room temperature according to ASTM B-193 standard. A scanning electron microscope (SEM) and a high-resolution transmission electron microscope (HRTEM) equipped with electron energy loss spectroscopy (EELS) were used for accurate detection of boron and light elements. In order to compare the effect of TiB 2 particles on age hardening, mechanical and electrical properties of the composite, a reference sample with Cu-2 wt% Ti composition was prepared in such a way that secondary elements in the matrix remained constant. The entire tests performed on the composite were also performed on this reference sample under the same conditions.
Results and discussion
BS-SEM micrograph in Fig. 1(a) shows the microstructure of Cu-1 wt% Ti-1 wt% TiB 2 composite after solidification. Formation of TiB 2 nano-particles within the matrix of composite can be clearly seen in this figure. Thermodynamically stable TiB 2 particles can be formed due to chemical reaction between elemental boron and titanium in molten copper [10] [11] [12] . As seen in this figure, TiB 2 particles formed in liquid copper had various sizes and irregular shapes. On average, the largest size of TiB 2 particles was about 2 μm and the smallest size was less than 100 nm. Based on previous research [10] , TiB 2 particles size as well as their distribution is affected by many factors, including in situ reaction conditions, cooling rate and elements concentration. Since the melting point of boron (2092 1C) is higher than the melting temperature of copper (1083 1C), the boron powder should be chemically dissolved in molten copper, which is a time-consuming process. With increasing the solute concentration of boron in the melt, some boron element may be retained in the melt even after formation of many nano-TiB 2 particles. Hence, the extra dissolved boron in the molten copper having titanium element will be absorbed by primarily synthesized TiB 2 particles which leads to coarsening of smaller TiB 2 particles according to Gou et al. [10] . In other words, if both titanium and boron elements are consumed simultaneously within the melt, the TiB 2 nano-particles cannot be easily coarsened before solidification.
According to solid/liquid interface theories for MMCs [15, 16] , the distribution of TiB 2 particles is affected by solidification rate, density and wetting angle. In this regard, due to low wettability of TiB 2 particles by molten copper (i.e. wetting angle ¼ 1361) [17] , larger size TiB 2 particles are repulsed and redistributed toward the melting-freezing interfaces and finally to the grain boundaries, while nano size particles remained inside the grains. The microstructure of the composite after thermo-mechanical treatment (i.e. 60% reduction, homogenizing and solution treatment) is presented in Fig. 1(b) . Due to relatively good distribution of nano-TiB 2 particles within the matrix in comparison to coarse TiB 2 particles, they were pinned to the new grain boundaries during recrystallization. A significant decrease in grain size with the presence of TiB 2 particles after recrystallization is shown in Figs. 1(b) and 2. This is in accordance with that of other researchers [18] who also reported that the presence of TiB 2 particles in grain boundaries could lead to a reduction in grain size and hinder grain growth at high temperature.
Typical TEM images (i.e. bright and dark field) of an as quenched composite with the selected area diffraction pattern (SADP) of TiB 2 particle are shown in Fig. 3 . This figure shows that a large number of tangled dislocations were formed around TiB 2 particles. The difference between the thermal expansions of copper (16.6 Â 10 -6 1/K) and TiB 2 particles (8.2 Â 10 -6 1/K); leads to development of strain field at the interface between these particles and the copper matrix during quenching of the samples from solutionizing temperature to ambient temperature. This thermal strain can cause punching dislocations from the interface of TiB 2 particles out into the matrix. These dislocations and other structural defects can increase the diffusion rate of titanium required for formation Cu 4 Ti and might be appropriate nucleation sites for heterogeneous precipitation of transitional β′(Cu 4 Ti) phase in the matrix according to Dutkiewicz [19] . Fig. 4 shows the typical HRTEM image of the as quenched composite after being re-solutionized at 900 1C for 10 min. HRTEM image together with the map of elements via EELS indicates that there are a fair amount of TiB 2 particles formed within the matrix. As seen in this figure, titanium concentration in the vicinity of TiB 2 particles increased substantially. This means the localized diffusion rate near these particles was more than that of the bulk of material due to increase of dislocation density around these particles during heat treatment (i.e. dislocation punch-up) as shown in Fig. 3(a) . This can increase the possibility of formation of Cu 4 Ti precipitates near TiB 2 particles during aging. However, when the composite solutionized at 900 1C for 1 h and aged at 450 1C for 10 h a large amount of β′ (Cu 4 Ti) precipitates was formed near TiB 2 particles within the matrix. HRTEM micrographs of composite at peak aged (maximum hardness) condition (i.e. 10 h −450 1C) with selected area diffraction (SAD) pattern of β′ and FFT pattern of TiB 2 particle are shown in Fig. 5 . This figure is a clear evidence that a large amount of β′(Cu 4 Ti) precipitate as formed in the vicinity of TiB 2 particle within the matrix. This is an indication of higher diffusion rate of titanium in the region near the TiB 2 particles as this region has high dislocation density, as referred to earlier. It should be mentioned that due to heterogeneity of TiB 2 distribution, the distribution of β′ phase was also nonhomogeneous. This phenomenon confirms that the region having higher dislocation density has a greater effect on the formation of β′ phase. SAD pattern of β′ precipitates has been presented in Fig. 5 (c). This figure confirms that the particles nucleated near TiB 2 particles are β′(Cu 4 Ti) as their crystal structure is tetragonal with lattice parameters of a ¼0.584 nm and c¼0.362 nm. Unlike the irregular shape of TiB 2 particles, the Cu 4 Ti has spherical shape with a mean size under 10 nm. It is worth mentioning that both needle and spherical shapes have been reported by other researchers [9, 20, 4] for β′(Cu 4 Ti) precipitates. Fig. 5(b) shows the growth of β′ precipitates within the matrix after formation, as the larger particles may indicate a nucleation and growth mechanism for formation of β′ precipitate according to Borchers [4] . Fig. 6 shows the variation of hardness of Cu-1 wt% Ti-1 wt% TiB 2 composite and Cu-2 wt% Ti alloy as a function of ageing time. The hardness of the as quenched Cu-1 wt% Ti-1 wt% TiB 2 (i.e. 115 HV) was higher than that of the as quenched Cu-2 wt% Ti alloy (i.e. 90 HV). The higher hardness of the composite compared with that of Cu-2 wt% Ti alloy after quenching was attributed to the presence of TiB 2 particles, higher dislocation density around TiB 2 particles and according to the Hall-Petch model, to smaller grain size ( Figs. 1 and 2) .
Ageing curve of the composite in Fig. 6(b) shows that the least hardness was achieved at 300 1C for all ageing times relative to the other temperatures (400-450-550 1C). At this temperature, hardness decreased in the first 2 h of ageing and then rose with further ageing time. Thompson and Williams [21] reported similar observation for Cu-2.5 wt% Ti alloy. This phenomenon can be explained by considering a) climb and glide of dislocations in the matrix and b) nucleation, coarsening and dissolution of precipitates phase. At 300 1C, before formation of a considerable amount of β′, some punch out dislocations, emitted from the TiB 2 interface within the matrix were annihilated by climb mechanism. This leads to relaxation of the interfacial stress and therefore causes to drop in hardness of composite in the initial stage of ageing. In addition, the diffusion rate of titanium within the matrix during ageing can declineby the decrease in dislocation density which causes a delay in precipitation of β′. Thus, one may conclude that 300 1C is not enough to provide sufficient energy for higher rates of titanium diffusion that is required for formation of Cu 4 Ti. On the other hand, according to Bozic et al. [20] , as the motion of a pair of super-dislocations is strongly dependent on the statistical configuration of obstacles present in the system, the structural ordering in titanium rich region and disappearance of anti-phase boundary during the initial stage of ageing, can result in eased dislocation motion. As a result, the hardness decreases in the first 2 h of the ageing. Then with further ageing time, the hardness of the composite can increase due to the formation of metastable precipitation of Cu 4 Ti (β′) in the matrix.
Harnesses of composite and binary alloy are increased with increasing ageing time at 400 1C. However, both of them have not attained peak hardness even after 25 h ageing at this temperature. The volume fraction of β′-Cu 4 Ti precipitate increases considerably with Ti content as well as ageing time according to lever rule in Cu-Ti phase diagram (Fig. 7) . Therefore, the amount of precipitates phase of β′ which formed during ageing in binary alloy is higher than that for composite sample; hence the hardness of the binary alloy is higher than that of the composite.
Variation of hardness with ageing time at 550 1C is presented in Fig. 6(a) and (b) . This figure shows that hardness increases in the first 2 h of ageing. This is in agreement with reported work of Datta and Soffa [22] , who attributed the increase in hardness to formation of ordered metastable and coherent β′(Cu 4 Ti) phase within the matrix. However, the decrease in hardness after 2 h of ageing at 550 1C can be due to polymorphic transformation of β′ (Cu 4 Ti) (tetragonal) to β′(Cu 4 Ti) (orthorhombic) and also precipitates growth according to Soffa and Laughlinb [2] . In addition, based on Cu-Ti phase diagram (Fig. 7) , this temperature was very close to the solvus temperature of the composite having 1 wt% Ti against 2 wt% Ti in the binary alloy. Therefore, one may conclude that ageing of composite at this temperature leads to a faster dissolution and/or overageing of precipitate phase in the composite than the binary alloy, resulting in higher reduction in hardness after 2 h of ageing at 550 1C. It can also be seen that the maximum hardness of the composite at this condition is lower than that of the binary alloy, which in turn is due to the formation of a lower amount of precipitate phase within the composite in comparison to that of the binary alloy, as mentioned earlier.
The effective factors on hardness (i.e. dislocation elimination and formation of precipitate) change in such a way as to cause higher ageing kinetics at 450 1C. In the absence of TiB 2 particles, the maximum hardness of Cu-2 wt% Ti alloy (i.e. 264 HV) occurred after 15 h while the maximum hardness of the composite (i.e. 258 HV) was achieved after 10 h ageing at 450 1C. The increase in ageing kinetics of the composite in the presence of TiB 2 particles can be attributed to nucleation of β′ precipitates on basal plane of TiB 2 particles which basically occurs in the vicinity of TiB 2 particles,as shown in Fig. 5(a) . The rate of decrease in hardness after passing the peak value in the composite (i.e. 0.9 HV/h) is less than that of Cu-2 wt % Ti alloy (i.e. 1.1 HV/h). This behavior can be explained by considering the retarding influence of TiB 2 particles on the coarsening of larger number of metastable Cu 4 Ti particles according to Bozic et al. [20] . On the other hand, according to a similar research by Cornie et al. [23] , the decrease in hardness value of Cu-2 wt% Ti alloy after peak aged condition can be due to the formation of cellular (discontinues) precipitates at the grain boundaries, see Fig. 8 .
Hardness, tensile properties and electrical conductivity of the as cast, as quenched and peak-aged composites were measured and are presented in Table 1 , together with similar properties of Cu-2 wt% Ti binary alloy. The results show a considerable increase in electrical conductivity of peak aged (i.e. 28% IACS) composite relative to as cast (8% IACS) and as quenched (15% IACS) conditions. This increase in electrical conductivity can be attributed to the formation of β′ precipitate within the matrix according to Nagarjuna et al. [6] . These researchers state that an increase in resistivity due to the increasing volume fraction of Cu 4 Ti precipitate is lower than the amount of decrease in resistivity due to removal of Ti from the matrix, thereby resulting in an overall increase in electrical conductivity in peak-age composite in comparison to the solution treated one. As seen in this table, the electrical conductivity of composite at peak aged condition is 65% higher than that of the binary Cu-2 wt% Ti alloy. The higher electrical conductivity observed in composite was analyzed by considering the interaction between conductive electrons and reinforced particles. In this regard, two effective factors can be considered in evaluating the electrical conductivity of copper matrix. These are resistivity of the particles and scattering surface of conductive electrons. In other words, as the electrical resistivity of TiB 2 particles (i.e. 6.6 μΩ cm) [24] is less than that of Cu 4 Ti precipitate (i.e. 38.5 μΩ cm) [6] , the detrimental effect of TiB 2 particles on electrical conductivity of copper must be lower than that of Cu 4 Ti precipitates. On the other hand, as mentioned previously, the amount of Cu 4 Ti precipitate in the composite even at peak-aged condition is less than that of the binary alloy. This together with the fact that Cu 4 Ti particles precipitate in the vicinity of TiB 2 particles (Fig. 5) can cause a reduction in scattering surface of the conductive electrons. In other words, the scattering surface of the conductive electrons due to formation of β′ precipitates in composite did not rise much during the ageing process in comparison to the binary alloy. Consequently, the electrical conductivity of composite increases more than that of binary alloy during ageing according to Nordheim's rule [6, 3] . Table 1 shows a substantial increase in tensile properties of the sample under peak-aged condition when compared with those of the as quenched sample. The increases in yield and tensile strength of peak-aged composite sample relative to the as quenched sample are 270 MPa and 228 MPa respectively, while those increase for the Cu-2 wt% Ti binary alloy are 232 MPa and 197 MPa respectively. The increases in the ultimate and yield strengths of composite during ageing were higher than those of binary Cu-2 wt% Ti alloy. Therefore, one may conclude that the mechanism of strain hardening in the composite having both nonshearable TiB 2 particles and shearable β′(Cu 4 Ti) particles was different from the mechanism of strain hardening of Cu-2 wt% Ti alloy without any non-shearable strengthening particles. In other words, in the composite, both shearable and non-shearable particles can slow down dislocation movement leading to high strength, while in Cu-2 wt% Ti alloy only the shearable β′ (Cu 4 Ti) particles effect the strengthening of the alloy. This means that consecutive passes of dislocation through these particles decrease, so the required force for movement of dislocation through these particles gradually decreases. The ductility of composite (%EL ¼ 21) is slightly less than that of Cu-2 wt% Ti alloy (%EL ¼ 24) under peak aged condition. This was attributed to the presence of ultra-hard TiB 2 particles in the matrix of composite which lowered the dislocation movement, and hence lowered ductility. Nevertheless one should note that the dimple characteristic of the fracture surface of the composite (Fig. 9) indicates a ductile mode of fracture in the composite which means TiB 2 nano-particles did not affect the mode of fracture despite their ultra-hardness. 
